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Resistivity measurements performed under pressure in the paramagnetic ground state of
CeRu2Si2 are reported. They demonstrate that the relative change of effective mass through
the pseudo metamagnetic transition is invariant under pressure. The results are compared with
the first order metamagnetic transition due to the antiferromagnetism of Ce0.9La0.1Ru2Si2
which corresponds to the “negative” pressure of CeRu2Si2 by volume expansion. Finally, we
describe the link between the spin-depairing of quasiparticles on CeRu2Si2 and that of Cooper
pairs on the unconventional heavy fermion superconductor CeCoIn5.
KEYWORDS: pseudo-metamagnetism, effective mass, CeRu2Si2, CeCoIn5
A large variety of experiments have been reported on
the heavy fermion compound CeRu2Si2 using macro-
scopic and microscopic probes, as it is a good candidate
for the study of the evolution of the electronic proper-
ties as a function of the magnetic polarization, which in
this system can be tuned by magnetic field and pres-
sure.1, 2) Furthermore, it is a rare example where the
Fermi Surface has been fully determined for its low mag-
netic field (H) paramagnetic (PM) ground state.3) Ther-
modynamic macroscopic measurements have established
that a strong enhancement of the effective mass (m∗)
occurs at the pseudo-metamagnetic field HM ∼ 7.8T. In
CeRu2Si2, a transition from the PM ground state to an
antiferromagnetic (AF) ground state could be achieved
by applying a negative pressure, i. e. by expanding the
volume. This was first realized by substituting La for
Ce.4) The critical pressure Pc corresponds to a critical
concentration xc = 0.075 in Ce1−xLaxRu2Si2 alloys. In
the latter, for x > xc (p < pc) a real first order meta-
magnetic transition from the AF ground state to a field
induced polarized state is observed with increasing field
while the pseudo-metamagnetic transition is observed for
x < xc. A schematic temperature–pressure (La doping)–
field phase diagram is shown in Fig. 1. The dotted line
HM corresponds to the continuation of the real metamag-
netic line Hc. For x = xc, the field H
∗ (∼ 4T ) which sep-
arates these two lines can be considered as quantum crit-
ical end point (QCEP) as already asserted in Refs. 1, 5.
Here we report new measurements of resistivity un-
der pressure in order to investigate the pressure response
of the m∗ enhancement. To precisely compare the re-
sults with the first order metamagnetism which will oc-
cur below Pc (i.e. x > xc in Ce1−xLaxRu2Si2), we have
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Fig. 1. (Color online) Schematic temperature–pressure (La
doping)–field phase diagram of Ce1−xLaxRu2Si2. A blue thick
line denoted by Hc is the first order metamagnetic transition. A
red dotted line denoted by HM is the crossover, which is called
pseudo-metamagnetic transition in the text. H∗ corresponds to
the metamagnetic quantum critical end point (QCEP).1, 5) The
inset shows how the lines HM and Hc will meet for P < Pc.
4)
carried out a new set of magnetization experiments on
Ce0.9La0.1Ru2Si2 (TN ∼ 5K) down to 100mK using
the same procedure that was realized two decades ago
in CeRu2Si2.
6) To complete the studies under magnetic
fields through xc, specific heat (C) measurements were
performed for x = 0.1 and 0.075. Finally, we will empha-
size the link between the individual quasiparticle spin
depairing at HM and the depairing of Cooper pairs in
CeCoIn5 following recent experiments realized on this
exotic unconventional superconductor near the supercon-
ducting upper critical field Hc2.
7, 8)
High quality single crystals of CeRu2Si2 and
Ce1−xLaxRu2Si2 (x = 0.1 and 0.075) were grown by
the Czochralski method. Single crystals were oriented
by Laue photographs and samples were obtained from
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them by spark cutting. The resistivity measurements on
CeRu2Si2 were made by the four-probe AC method with
the electrical current along the a-axis of the tetragonal
crystal structure. The residual resistivity ratio (ρRT/ρ0)
in CeRu2Si2 was 100 indicating the high quality in the
present samples. The measurements under pressure were
carried out using a hybrid-type piston cylinder cell up
to 5.4 kbar. The pressure was determined by the su-
perconducting transition temperature of Pb. The mea-
surements below 16T were done with a superconduct-
ing magnet at temperatures down to 100mK, while the
measurements at higher fields up to 28T were made
using a resistive magnet at LNCMI-Grenoble and with
temperatures down to 0.46K. The magnetization mea-
surements for Ce0.9La0.1Ru2Si2 were carried out using
a miniature dilution refrigerator and a low-temperature
SQUID magnetometer at temperatures down to 100mK
and at fields up to 8T. The specific heat measurements
for Ce1−xLaxRu2Si2 (x = 0.1 and 0.075) were made
using the relaxation method at temperatures down to
0.45K and at fields up to 9T. For all measurements, the
magnetic field was applied along the tetragonal c-axis.
Figure 2 represents the field dependence of
√
A ∼ m∗,
where A is the coefficient of the T 2 term of the resistivity
based on the Fermi liquid law and m∗ is the effective
mass. At zero pressure it was verified that A scales with
the Sommerfeld coefficient γ (∝ m∗) of the specific heat,
as described by Kadowaki-Woods relation.9) The validity
of this relation is based on the fact that local fluctuations
will be accompanied with the development of intersite
interactions which in turn depend on the wave vector of
those interactions, AF as well as ferromagnetic ones.
As seen in Fig.2, there is a strong suppression of A at
zero field with pressure, and in addition, the magnitude
of A at HM decreases with pressure. The remarkable re-
sult, shown in Fig. 3, is that excellent scaling is observed
in a plot of A(H)/A(0) versus H/HM.
The inset of Fig. 4 shows the field dependence of γ
for the AF system Ce0.9La0.1Ru2Si2 at ambient pres-
sure, which was obtained from careful studies of the
temperature dependence of the magnetization at vari-
ous fields using the thermodynamic Maxwell relation,
namely ∂M/∂T = ∂S/∂B, where S is the entropy.6) This
AF system undergoes two metamagnetic transitions, first
at Ha ∼ 1.2T between two AF states, and then at
Hc = 3.8T when the system goes from the AF to the PM
state.1) There is a small maximum at Ha which is broad,
in agreement with the width of the magnetization jump.
Between Ha and Hc, γ is weakly field dependent. Above
Hc, there is a sharp decrease of γ, quite similar to that
observed in CeRu2Si2 above the pseudo-metamagnetic
transition. The dominant mechanism around Ha is due
to AF interactions. Neutron diffraction experiments have
shown that, at Ha, the main change is the switch from
a low field wave vector (0.31, 0, 0) to a high field wave
vector (1/3, 1/3, 0).10) On the other hand, ferromagnetic
interactions dominates above Hc. The weak variation of
γ between Ha and Hc results from the balance between
these two competing mechanisms. The similarity of the
decrease of γ above Hc in the alloys and above HM
in CeRu2Si2 comes from the development in this com-
pound of low energy ferromagnetic fluctuations observed
by neutron experiments.11)
Figure 5 summarizes the field dependence of γ(H) at
ambient pressure for different concentrations x: x = 0.1
(x > xc), x = 0.075 (x = xc) and x = 0. Our new
data are in excellent agreement with previous data1, 4, 12)
and are more precise. In particular, for x = 0.1, the
measured temperature range has been extended to 0.1K
via low temperature magnetization measurements. For
x = 0.075, special attention has been given to real-
ize small field steps around HM (∼ H∗). These results
confirm that for the CeRu2Si2 family, a critical value
of γc ∼ 600mJ/K2mol is achieved, either by pressure
through Pc or using magnetic field through H
∗. The fact
that γ(HM) for the pure CeRu2Si2 is very close to γ(H
∗)
for P = Pc is due to the strong thermal expansion of the
lattice at HM which drives the system very close to the
QCEP.1) The occurrence of the sharp anomaly of γ in
the field dependence which are correlated with those of
γ at Pc is the mark of the magnetic critical end point at
H∗. The magnetic critical end point is linked to the Ising
character of the Ce magnetic coupling.2) In the case of a
Heisenberg system (such as CeNi2Ge2) just above Pc a
strong initial decrease of γ with field will occur when Hc
collapses at Pc, and thus the magnetic field drives the
system to the paramagnetic state.13) There is a real de-
coupling between AF instability and spin depairing due
to the field, which appears in CeNi2Ge2 at H ∼ 40T.
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Fig. 2. (Color online) Field dependence of the A coefficient of T 2
term of resistivity in the form of
√
A vs H at three different
pressures 0, 2.2 and 5.4 kbar in CeRu2Si2. We assumed here the
validity of
√
A ∝ m∗ ∝ γ. A right axis was scaled at zero field
at ambient pressure.
The resistivity measurements have clarified the pres-
sure and field dependence of m∗, as the Fermi liquid
regime is here achieved at low temperatures. In a pre-
vious study, resistivity experiments under pressure were
realized only above 1.5K.14) With our new set of data
down to 100mK, the description becomes clearer. In-
creasing the pressure, the A coefficient at zero field is
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Fig. 3. (Color online) Scaling of A(H)/A(0) in H/HM at 0, 2.2,
and 5.4kbar in CeRu2Si2.
strongly suppressed due to the huge value of the elec-
tronic Gru¨neisen parameter Ωe as the system moves away
from the AF singularity at Pc. However, the field depen-
dence of m∗ associated with the field-induced ferromag-
netic (FM) fluctuations, which is built from the AF pseu-
dogap, still remains. Applying a magnetic field at differ-
ent pressures, the identical shape of a field-dependentm∗
is illustrated by the scaling of A(H,P )/A(0, P ) as shown
in Fig. 3. This result is in excellent agreement with the
theoretical picture.15)
Inelastic neutron scattering experiments in magnetic
fields have revealed that applying a magnetic field ba-
sically leads to a suppression of the AF correlations at
HM with a characteristic energy of 1.6meV while just
in the vicinity of HM low energy ferromagnetic fluctua-
tions (energy near 0.4 meV atHM) emerge.
11, 16) Another
manifestation of the key role of FM fluctuations is the
observation that pseudo-metamagnetism and metamag-
netism coincide at a critical value of M (≡Mc ∼ 0.6µB)
in excellent agreement with i) the equality between the
electronic Gru¨neisen parameter Ωe ∼ 200 at H = 0 and
the Gru¨neisen parameter of the pseudo-metamagnetic
field ΩHM ∼ 200 and ii) the self-consistency between the
field dependence of the linear T coefficient of the ther-
mal expansion17) and the specific heat through a two
parameter entropy (S) scaling with T/T ∗, H/HM where
Ωe is described by Ωe = −∂ logT ∗/∂ logV . The emer-
gence of a critical value of the magnetizationMc implies
that a spin depairing will occur at this value. Quantum
oscillation experiments have shown that it is associated
with a drastic Fermi surface evolution.3) Let us point
out that the effects of pseudo-metamagnetism as well as
metamagnetism (see ref. 18, 19) is felt over larger mag-
netic field window than in the response of the magne-
tization. The amplification of the thermal fluctuations
is directly linked to the large strength of the electronic
Gru¨neisen parameter while the magnetic response at con-
stant pressure is mainly governed by the magnetostric-
tion effect.1, 2, 18)
It is interesting to compare the properties of the
CeRu2Si2 family (where the metamagnetic phenomena
in strongly correlated electron systems is well estab-
lished) to the case of of CeCoIn5 where metamagnetism
is observed at Hc2 at low temperatures.
7, 8) The common
point is that, due to the strength of γ (i.e. the weak-
ness of the characteristic energy), a significant value of
the magnetization is induced at a quite low field in com-
parison to other materials. Furthermore, the possibility
of spin decoupling either of the individual quasi-particle
or of the Cooper pair will induce the balance between
AF and FM fluctuations and their associated Cooper
pairing at pressures close to Pc. For superconductivity
(SC), the field-interplay between SC and Pauli param-
agnetism will favor a non zero momentum of the Cooper
pair as predicted by Fulde, Ferrell, Larkin and Ovchin-
nikov four decades ago (FFLO state).20, 21) In CeCoIn5,
for H ‖ a in the basal plane, a new high-magnetic and
low-temperature phase (Q-phase) has been reported.22)
For H ‖ c, it is believed that a singularity exists at Hc2
without the appearance of a Q-phase. The image is that
the magnetic field adds a FM fluctuation channel to the
AF ones and this allows a mixture between the singlet
and triplet component due to the concomitant creation
of the Q-phase. Two models have been proposed in this
framework taking into account the occurrence of a FFLO
phase.23, 24) Another proposal is to assume that the para-
magnetic depairing modifies the d-wave excitation and
leads to the creation the Q-phase.25) The similarity of
CeCoIn5 with CeRu2Si2 is that the metamagnetic-like
transition is correlated with a large enhancement of γ
just at Hc2 for CeCoIn5 instead of HM for CeRu2Si2.
However Hc2 will not be a magnetic quantum critical
singularity.
To illustrate this point, a schematic view is shown in
Fig. 6 for the predicted field variation of γ in CeRu2Si2
and in CeCoIn5 for two different pressures. Under pres-
sure, a maximum of γ will persist presumably at Hc2
up to 1.3GPa above which no long range ordering will
occur in CeCoIn5.
26, 27) In CeRu2Si2, in agreement with
the schematic plot in Fig. 6(a), a huge variation of the
Gru¨neisen parameter has been pointed out even with a
sign change at HM.
1) In CeCoIn5, no change of sign of
Ωe(H) under fields has been observed at Hc2
28) as well
as a weak field dependence of Ωe(H). An amazing case
would be if triplet SC can occur near HM where fer-
romagnetic fluctuations might be enhanced in a heavy
fermion compound. Of course in the absence of a Q-phase
no mixture will happen between singlet and triplet com-
ponents.
In summary, pressure experiments on CeRu2Si2
demonstrate the field evolution of FM fluctuations
through the spin depairing which occurs at the pseudo-
metamagnetic transition. The FM component plays an
important role for the field enhancement ofm∗ at HM, as
it is built from the AF “camel”-shaped singularity in the
density of state. Complementary results on the antiferro-
magnetic side via La substitution establish: i) the quasi-
equality between γ(Pc) and γ(H
∗) in this Ising heavy
fermion system and ii) the quasi-invariance of γ(H) be-
tween Ha and Hc, which is close to the critical value
of γc. This indicates that a remarkable high field low
4 J. Phys. Soc. Jpn. Letter D. Aoki et al.
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Fig. 4. (Color online) Magnetization of Ce0.9La0.1Ru2Si2 at
0.1K with the magnetization jump at Ha ∼ 1.2T and Hc =
3.8T. The inset shows the field variation of γ deduced from the
temperature dependence of M(T ) at different fields from the
thermodynamic Maxwell relation.
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Fig. 5. (Color online) Field variation of γ extrapolated at T =
0K for Ce0.9La0.1Ru2Si2 and CeRu2Si2 and measured at 0.45
K for Ce0.925La0.075Ru2Si2 assuming C/T = γ. The data for
CeRu2Si2 were cited from ref. 2.
temperature AF phase is stabilized close to QCEP. The
description of tricriticality29) may deserve new insights
taken into account the feedback on Fermi surface. The
mechanism in CeCoIn5 at Hc2 also reflects the interplay
between strong AF and FM fluctuations correlated with
specific channels of SC pairing and gap topology. We
have restricted our comparisons to the debated case of
CeCoIn5. However, the CeRu2Si2 example is a key refer-
ence for the field effects in the heavy fermion compounds.
A possibility of the cascade of spin depairing of the differ-
ent bands of the Fermi surface can happen in URu2Si2.
30)
and the transverse field instability in ferromagnets such
as UCoGe31) looks quite similar to the antiferromagnetic
one.
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